We demonstrate the coherent nature of dynamic Rabi-shifted sidebands arising when a picosecond probe laser interacts with a weakly ionized laser-generated microplasma. The coherence is manifested as spectral fringes observed in the sideband spectra. A model is presented that quantitatively predicts both the spectral phase and the spectral interference measured in the sidebands. © 2010 Optical Society of America OCIS codes: 020.1670, 020.2649 We have demonstrated such a process when a laserinduced microplasma is further excited using a coherent picosecond duration probe beam [6] . In the case of an intense ͑ϳ10 10 W cm −2 ͒ picosecond laser pulse interacting with a two-level system, a time-dependent Rabi sideband is observed [6] . Given a pulse characterized by a carrier frequency, c , an electric field envelope, A 0 ͑t͒, and a two-level system having a resonant frequency, res , with a transition dipole moment, M 10 , the interaction results in the generation of redshifted and blueshifted Rabi sideband pulses at time-varying frequencies R = c − ⍀Ј͑t͒ and B = c + ⍀Ј͑t͒, respectively. Here, ⍀Ј͑t͒ = ͱ⌬ 2 + ⍀ 2 ͑t͒ is the time-dependent generalized Rabi frequency, ⌬ = ͉ res − c ͉ is the detuning of the carrier frequency from resonance, and ⍀͑t͒ = M 10 A 0 ͑t͒ / ប is the Rabi frequency. The Rabi sidebands generated have significant temporal chirp through ⍀͑t͒, while the amplitude envelope tracks A 0 ͑t͒. In the present communication, we demonstrate that spectral fringes observed in the Rabi sideband can be quantitatively accounted for within the framework of the model developed in [6] . The model is capable of predicting both the spectral interference pattern and the spectral phase for the Rabi sidebands. Thus, implementing phase compensation should result in what we believe to be a new method for generating ultrashort laser pulses.
Rabi oscillations [1] occur in a two-level electronic system in the presence of a resonant or nearresonant electromagnetic field. Coherent, electromagnetic field-induced coupling causes an oscillation of the upper-state and the lower-state amplitudes, in counter phase, with a frequency proportional to the field magnitude and the strength of the transition dipole. Manifestations of the Rabi oscillation have been observed experimentally in both the time domain and the frequency domain. In the time domain, the Rabi oscillation causes a distortion (quantum beats in the ideal case) of the time profile of a laser pulse, and this was first observed in Rb atom vapor [2] . In the frequency domain, Rabi oscillations appear as redshifted and blueshifted sidebands (for a textbooklevel discussion, see, for instance, [3] ). In particular, the appearance of Rabi sidebands in laser-induced fluorescence was predicted [4] and first observed in an atomic sodium beam [5] as the emergence of two additional lines accompanying the main fluorescence peak thus forming the so-called Mollow triplet [4] . As fluorescence (or absorption) is a spontaneous process, there is no coherence in the Rabi sidebands of the Mollow triplet. However, when a coherent probe replaces the incoherent fluorescence (of the Mollow process), the Rabi oscillations will modulate the driving source in a coherent manner generating sidebands. We have demonstrated such a process when a laserinduced microplasma is further excited using a coherent picosecond duration probe beam [6] .
In the case of an intense ͑ϳ10 10 W cm −2 ͒ picosecond laser pulse interacting with a two-level system, a time-dependent Rabi sideband is observed [6] . Given a pulse characterized by a carrier frequency, c , an electric field envelope, A 0 ͑t͒, and a two-level system having a resonant frequency, res , with a transition dipole moment, M 10 , the interaction results in the generation of redshifted and blueshifted Rabi sideband pulses at time-varying frequencies R = c − ⍀Ј͑t͒ and B = c + ⍀Ј͑t͒, respectively. Here, ⍀Ј͑t͒ = ͱ⌬ 2 + ⍀ 2 ͑t͒ is the time-dependent generalized Rabi frequency, ⌬ = ͉ res − c ͉ is the detuning of the carrier frequency from resonance, and ⍀͑t͒ = M 10 A 0 ͑t͒ / ប is the Rabi frequency. The Rabi sidebands generated have significant temporal chirp through ⍀͑t͒, while the amplitude envelope tracks A 0 ͑t͒. In the present communication, we demonstrate that spectral fringes observed in the Rabi sideband can be quantitatively accounted for within the framework of the model developed in [6] . The model is capable of predicting both the spectral interference pattern and the spectral phase for the Rabi sidebands. Thus, implementing phase compensation should result in what we believe to be a new method for generating ultrashort laser pulses.
In our experimental setup, an intense pump laser (70 fs, 800 nm) was focused into an optical chamber filled by O 2 gas at atmospheric pressure to create a microplasma medium with electron density of 10 19 cm −3 as well as electronically excited atomic oxygen. A probe beam, spectrally filtered to 1 nm FWHM ͑ϳ1 ps͒ by a narrowband optical filter (centered at 800 nm), crosses the microplasma channel at a right angle. The probe couples the 5 P to the 5 S 0 states in atomic oxygen, with ⌬ = 46 meV, producing redshifted and blueshifted sidebands. The Rabi sidebands were measured at a sufficient angle ͑ϳ4°͒ from the probe beam propagation direction to suppress the contribution of the intense probe. The probe beam was delayed 250 ps with respect to the pump to reach the temporal maximum of the Rabi sideband signal [6] . The collimated signal was sent through a pinhole to a spectrometer equipped with a CCD camera to measure the spectrum as a function of power.
The blueshifted Rabi sidebands are shown for three laser powers in Fig. 1 . In addition to the spectral shift in the sidebands as a function of laser power [6] , the sidebands display spectral intensity modulation, or fringes. The origin of the observed spectral fringes can be traced to the temporal evolution of the Rabi frequency, using the concept of instantaneous frequency [7] . The instantaneous frequency is related to the temporal phase ͑t͒, via i ͑t͒ = ‫͑ץ‬t͒ / ‫ץ‬t. In the case of dynamically shifting Rabi sidebands ͑ i ͑t͒ = c ± ⍀Ј͑t͒͒ the temporal phase is calculated as
Equation (1) relates the temporal phase to the envelope of the probe pulse, A 0 ͑t͒, through the timedependent generalized Rabi frequency. In addition to this, A 0 ͑t͒ also determines the time-dependent amplitudes of the Rabi sideband pulses, through the expectation value of the induced dipole moment [3, 6] ,
The Rabi sideband spectra are then obtained by the inverse Fourier transform,
As the maximum Rabi shift occurs at the peak of the driving pulse, A 0 ͑ 0 ͒, the value of ⍀͑ 0 ͒ for each measurement was extracted from the experimental data given the detuning ⌬. In addition, we incorporated the 1.5% probe beam intensity fluctuation in the simulation using a convolution function. For numerical simulations, we approximated the probe pulse envelope by a Gaussian function, however the spectral filter used in the experiment results in an asymmetric temporal profile with duration ϳ1 ps. We found that a Gaussian function with FWHM = 750 fs provides the best fit to the measurements. This is in reasonable agreement with the ϳ1 ps pulse duration measured.
The key temporal features of the simulated Rabishifted bands are presented in Fig. 2 . The instantaneous frequency for a blueshifted sideband (upper panel, black curve) follows the electric field envelope of the probe pulse, whereas the redshifted frequency (upper panel, gray curve) is mirrored with respect to the carrier frequency (upper panel, dotted line), c . Symmetric values of the time deviation from the peak, 0 ± ␦, correspond to identical instantaneous frequencies; however, the fields generated at these two moments will have the relative phase shift ⌬ =2 i ͑ 0 ± ␦͒␦. The interference of these phaseshifted waves results in the observed spectral fringes. The time-dependent intensity profile of the incident field is shown in the lower panel (Fig. 2) , together with the calculated time dependence of the phases for the Rabi-shifted pulses. The temporal phase degenerates into Erf functions in the resonant limit ͑⌬ → 0͒ where i ͑t͒ approaches a simple Gaussian profile.
The simulated spectra of the Rabi sidebands are shown in Fig. 1 as a function of the probe beam power. In the three upper panels, the theoretical curves (gray curves, right axis) are compared with the experimental ones (black curves, right axis) for probe beam powers of 1.0, 0.7, and 0.4 mW. The results of the simulation are in good agreement with the measured spectra for the higher values of the probe beam power, particularly with respect to the positions of constructive and destructive interference. The origin of the slight disagreement between the theoretical and experimental curves for the lowest power (corresponding to lower Rabi shift) occurs for two reasons: (i) the value of the maximum Rabi shift used in the simulation are determined from the position of the maximum peak for a given probe power (and this does not take into account that the interference effects will change the peak shape and position) and (ii) the model considers the plasma as a point source ignoring the interaction of the geometrical components of the Rabi-shifted electromagnetic field emitted from different parts of a microplasma. The overestimation of the simulated fringe intensities is also due to the approximation of the plasma as a point source. For the experimental arrangement involving an elongated plasma spatial distribution, the fringe contrast becomes highly sensitive to probe/ plasma overlap.
The step-function gray curve in the second panel is the simulated dependence of the spectral phase (left axis). The appearance of the series of phase steps is a direct consequence of instantaneous frequency generation illustrated in Fig. 2 (second panel) . Each spectral component of a Rabi sideband, except for the maximum shift, is generated first on the leading edge (e.g., 0 − ␦) and then on the trailing edge (e.g., 0 + ␦) of the pulse with the phase difference, ⌬. The interference of these two sub-components can be expressed as sin͑t + ⌬ /2͒ + sin͑t − ⌬ /2͒ = 2 sin͑t͒cos͑⌬ /2͒. When the cosine function in this expression changes its sign, the resulting electric field undergoes a phase jump. Figure 1 reveals that the 2 cos͑⌬ /2͒ factor modulates the spectral amplitude of the Rabi sidebands and that the phase jumps occur at the points of destructive interference. Thus, the model predicts the regions of constructive/ destructive interference and allows for spectral phase reconstruction. This fact is particularly useful from the pulse-shaping standpoint, since the fringe pattern clearly defines the phase relationships among the pulse spectral components. Therefore, a simple compression scheme can be obtained using phase shaping in a spatial light modulator or an engineered chirped mirror.
The inset in the first panel shows the Fourier transform of the simulated blueshifted Rabi sideband measured at 1.0 mW of probe laser power assuming flat spectral phase. The FWHM of the temporal intensity profile in this case is approximately 70 fs, which corresponds to 1 order of magnitude decrease in pulse duration in comparison with the FWHM = 750 fs probe pulse duration. The effect of the pulse compression mechanism will be less pronounced if the duration of the initial pulse becomes comparable with that of the Rabi cycle, resulting in spectral overlap of the probe and the Rabi sideband. In this case, further compression will require higher intensities. One should also note that the developed model for dynamic Rabi-shifted sidebands operates with an adiabatic response of the two level systems, which assumes that ⍀Ӷ c and d⍀ / dt Ӷ⍀ c . For further pulse compression toward the few-cycle regime our model would no longer properly describe the spectral phase, thus, requiring a different theoretical approach.
We have developed a model that successfully describes the experimentally observed Rabi sidebands generated in a low-density microplasma when a picosecond pulse traverses the optically active two state medium. The agreement between the experimental measurements and the model predictions strongly supports our reconstruction of the spectral phase function. The generation of spectrally broad Rabishifted pulses together with spectral phase predictions allows for a simple compression mechanism which is capable of decreasing the pulse duration by at least 1 order of magnitude.
